ABSTRACT In this paper, we consider a two-way cognitive cooperative radio network (TW-CCRN) with hybrid interweave-underlay spectrum access in the presence of imperfect spectrum sensing. Power allocation strategies are proposed that maximize the sum-rate and minimize the outage probability of the hybrid TW-CCRN. Specifically, based on the state of the primary network (PN), fading conditions, and system parameters, suitable power allocation strategies subject to the interference power constraint of the PN are derived for each transmission scenario of the hybrid TW-CCRN. Given the proposed power allocation strategies, we analyze the sum-rate and outage probability of the hybrid TW-CCRN over Rayleigh fading taking imperfect spectrum sensing into account. Numerical results are presented to illustrate the effect of the arrival rate, interference power threshold, transmit power of the PN, imperfect spectrum sensing, and maximum total transmit power on the sum-rate and outage probability of the hybrid TW-CCRN.
I. INTRODUCTION
In recent years, radio spectrum has become more and more exhausted due to the increasing demand on bandwidth hungry mobile multimedia services such as mobile gaming, mobile virtual reality, and mobile augmented reality. On the other hand, measurement campaigns conducted by the Federal Communications Commission and other frequency authorities around the world have revealed that the utilisation of the licensed radio spectrum over time and space is rather low [1] - [3] . Advanced radio transmission techniques are therefore required that can more efficiently utilize the scarce and precious radio spectrum. In this context, the cognitive radio (CR) concept has been proposed in [4] to more efficiently utilize radio spectrum. This technique flexibly and intelligently allows secondary users (SUs) to access the spectrum that has been licensed to primary users (PUs) as long as satisfactory quality-of-service (QoS) in the primary network (PN) is maintained.
There exist three main approaches for the SUs to access the radio spectrum licensed to the PUs, i.e., interweave, underlay, and overlay spectrum access [5] . In interweave spectrum access, SUs sense the licensed spectrum and only opportunistically access those spectrum portions that are not occupied by PUs. In this way, interference to the PUs is avoided at the expense of the SUs not being allowed to access the spectrum at any arbitrary time [6] . In contrast, in underlay and overlay spectrum access, SUs can simultaneously access the spectrum with the PUs. Specifically, the SUs in underlay spectrum access continuously adapt their transmit powers to stay below the tolerable interference levels of the PUs [7] . On the other hand, overlay spectrum access relies on cooperation of the SUs with the PUs. As such, sophisticated interference cancelation techniques to alleviate interference to the PUs are needed which incurs challenges on the practical implementation [8] .
A. RELATED WORK
Given that the interference from the SUs to the PUs is of major concern, transmit power of the SUs is constrained not only by the maximum power level supported by a particular device technology but also by the maximum interference tolerated by the PUs. As a consequence, SU transmit power has to be kept at rather low levels which in turn causes limitations on system performance. In order to overcome these difficulties in the secondary network (SN), advanced radio transmission techniques have been developed for conventional cognitive radio networks (CRNs) ranging from adaptive modulation and coding over beamforming transmission to cooperative relaying [9] - [14] . Further, power allocation strategies have been advised, e.g. [15] , [16] , to reduce interference to the PN and to improve system performance in the CRN.
Aiming to alleviate the performance degradation caused by the transmit power limits imposed on the SUs, cooperative relaying has been incorporated into CRNs which then constitute cognitive cooperative radio networks (CCRNs). A great deal of power allocation algorithms have also been developed recently [17] - [19] that dynamically assign powers among the secondary transmitter and secondary relay aiming at optimizing the performance of CCRNs. In [17] , power allocation strategies for an amplify-and-forward (AF) CCRN have been formulated to maximize average network throughput and to minimize approximate outage probability subject to the transmit power limit of the CCRN and the interference power constraint of the PN. In [18] , a power allocation strategy to maximize the energy efficiency for a decode-andforward (DF) CCRN has been proposed. In [20] , two optimal power allocation strategies for hybrid interweave-underlay CCRNs in the presence of Rayleigh fading have been developed to maximize channel capacity and to minimize outage probability.
To further improve spectral efficiency, two-way relaying can be deployed to increase the sum-rate of CCRNs [21] - [29] . Specifically, optimal and suboptimal power allocation algorithms have been proposed in [21] to optimize the sum-rate of a beamforming two-way CCRN (TW-CCRN). Further, optimal power allocation along with an AF relay selection scheme using half-duplex communication has been proposed in [22] to maximize the throughput of TW-CCRNs. In [23] , a two-way relaying scheme has been proposed that uses best relay selection and a novel cooperative protocol choosing between AF and DF mode to obtain higher sumrate for the TW-CCRN while keeping interference to the PUs below a given level. Optimal transmit power allocation for multiple-input multiple-output (MIMO) underlay TWCCRNs employing multiple AF relays has been studied in [24] to maximize the sum-rate of the SU. The work reported in [25] has investigated joint bandwidth and power allocation for MIMO TW-CCRNs and its effect on the achievable cognitive sum-rate. A space alignment technique for a TW-CCRN has been proposed in [26] to protect the SUs from interference from the PUs. On this basis, optimal power allocation has been derived to maximize the secondary achievable sum-rate. Recent work has addressed topics such as max-min optimization of transmit powers in TW-CCRNs [27] , power allocation and cooperative diversity in TW-CCRNs [28] , and studied TW-CCRNs in which secondary relays assist the transmission of the PUs [29] . However, the works [21] - [29] have focused only on power allocation with underlay spectrum access for TW-CCRNs while interweave, overlay, and hybrid spectrum access have not been considered.
To exploit the advantages and to alleviate the disadvantages of interweave, overlay, and underlay spectrum access, several hybrid spectrum access schemes have been proposed, e.g., [30] - [36] . A hybrid overlay-underlay spectrum access scheme has been proposed in [30] and [31] to exploit not only unused but also under-utilized spectrum regions of the PN. In [32] , receive beamforming has been designed subject to an outage-based QoS constraint for primary communication to maximize the achievable average rate of an SU in the uplink of a hybrid interweave-underlay CRN. Furthermore, the performance in terms of throughput for the SU of a hybrid interweave-underlay CRN that incorporates the impact of imperfect channel state information has been analyzed in [33] . In [34] , a scheme combining spectrum sensing and recognition of operating power levels at the PUs has been proposed to further improve the detection performance of hybrid interweave-underlay CRNs. In [35] and [36] , based on the activity states of the PN, the SUs flexibly utilize interweave and underlay spectrum access, i.e., if a spectrum hole appears, the SUs transmit with maximum power. Once a PU becomes active, the SUs must control their transmit powers to meet the peak interference power constraint of the primary receiver.
In order to implement hybrid spectrum access, spectrum sensing is compulsory and must be performed before each transmission. However, the works [30] - [36] discussed above, assumed that the SUs always perform spectrum sensing accurately such that they can choose interweave or underlay mode correctly. In practice, all spectrum sensing methods are subject to errors caused by various impairments such as interference and noise. In this case, CRNs and CCRNs are not able to perform spectrum sensing perfectly, i.e., false alarm or missed detection may occur with a certain probability. Thus, the effect of imperfect spectrum sensing on the performance of CRNs and CCRNs should be taken into account. Recent research incorporating this aspect of practical deployments include the work reported in [37] which has studied CRNs with directional antennas and imperfect spectrum sensing. Specifically, a lower bound on the ergodic capacity has been derived and the effect of spectrum sensing errors on the bound has been studied. Simulation results have illustrated that directional antennas can alleviate the impact of imperfect spectrum sensing on the bound. In [38] , the impact of spectrum sensing errors on the delay and throughput of a cognitive go-back-N hybrid automatic repeat request (HARQ) protocol has been analyzed. Significant performance degradation has been observed when the activity of the PU becomes high or the communication in the CRN becomes less reliable. Similar findings have been reported in [39] with respect to the performance of a cognitive stopand-wait HARQ protocol in the presence of spectrum sensing errors. In [40] , cognitive small cell deployments have been studied accounting for cross-tier interference, imperfect hybrid spectrum sensing, and energy efficiency. An iterative resource allocation algorithm has been developed to optimize spectrum sensing time and power allocation. Further, power allocation in CRNs in the presence of spectrum sensing errors has been studied aiming at energy-efficiency in sensing-based spectrum sharing CRNs [41] , robust power allocation in hybrid overlay-underlay CRNs with orthogonal frequency division multiplexing [42] , and robust max-min fairness resource allocation [43] .
In light of the directions of resource allocation in CRNs, our work reported in [20] has taken into account the impact of imperfect spectrum sensing on the performance of a hybrid interweave-underlay CCRN. Specifically, two optimal power allocation strategies have been proposed to maximize channel capacity and to minimize outage probability for the SU in the presence of imperfect spectrum sensing. For this purpose, the Karush-Kuhn-Tucker conditions of convex optimization have been used to develop these optimal power allocation strategies. However, in [20] , only one-way communications has been considered which does not achieve as high spectrum efficiency as can be offered by two-way communications. In this paper, we therefore advance on previous work by developing optimal power allocation strategies for hybrid interweave-underlay TW-CCRNs with imperfect spectrum access. Applying two-way communications to establish a hybrid TW-CCRN significantly increases functionality and complexity of the system model. In particular, two-way communications allows the SUs to transmit/broadcast their signals at the same time to the secondary relay. Consequently, the secondary relay needs to simultaneously process the signals received from the SUs in the relaying phase and then forwards the resulting signal to the respective SUs. In contrast to [20] , due to the more complicated system model of the hybrid TW-CCRN, the optimization problems posed to obtain optimal power allocation cannot be formulated in convex forms. Specifically, optimal power allocation strategies are derived by converting the posed non-convex geometric programming standard form problems into convex optimization problems along with adapting the standard barrier-based interior-point method. To the best of our knowledge, there has been no work focusing on deploying hybrid interweaveunderlay spectrum access with TW-CCRNs along with investigating the influence of imperfect spectrum sensing on the performance of such hybrid TW-CCRNs.
B. CONTRIBUTIONS AND PAPER STRUCTURE
In view of the above discussion, in this paper, we develop optimal power allocation strategies for TW-CCRNs using hybrid interweave-underlay spectrum access to enhance spectrum utilization while accounting for spectrum sensing errors. Specifically, by considering both the total transmit power limit of the hybrid TW-CCRN and the interference power constraint of the PN, we propose power allocation strategies that maximize sum-rate and minimize outage probability of the hybrid TW-CCRN. Numerical results are provided to examine the effect of imperfect spectrum sensing such as false alarm and missed detection on sum-rate and outage probability of the system. Further, the effect of the traffic characteristics of both the PU and SUs, the transmit power limit of the SUs, and the interference power constraint of the PN on the performance of the hybrid TW-CCRN is studied. Finally, comparisons of the performance of the hybrid TW-CCRN with optimal power allocation and equal power allocation are provided to illustrate the performance improvement of the proposed power allocation strategies. In summary, major contributions of this paper can be stated as follows:
• Two-way communications, hybrid interweave-underlay spectrum access, and AF relaying are combined to establish a hybrid TW-CCRN in order to support improved system performance over Rayleigh fading.
• Optimal power allocation strategies are proposed to maximize sum-rate and to minimize outage probability of the hybrid TW-CCRN.
• Optimization algorithms are developed that solve the optimal power allocation problems based on converting the non-convex geometric programming standard form problems into convex optimization problems by adapting the standard barrier-based interior-point method.
• Performance is assessed in terms of sum-rate and outage probability taking into account the practical issue of imperfect spectrum sensing.
• The impact of fading, traffic statistics of both the PN and hybrid TW-CCRN, the interference power constraint imposed by the PN, and the maximum transmit power limit of the hybrid TW-CCRN are included into the performance analysis.
• Performance comparisons of the sum-rate and outage probability of the hybrid TW-CCRN with and without the proposed power allocation strategies are provided. The rest of this paper is organized as follows. Section II describes the system model and derives expressions for the instantaneous signal-to-noise ratio (SNR) and signal-plusinterference-to-noise ratio (SINR) of the hybrid TW-CCRN for each operation scenario. Section III and IV propose optimal power allocation strategies that maximize sum-rate and minimize outage probability of the hybrid TW-CCRN, respectively. Numerical results for the sum-rate and outage probability of the hybrid TW-CCRN are provided in Section V. Finally, a summary of the paper is given in Section VI.
II. SYSTEM MODEL
We consider a hybrid TW-CCRN that operates in the presence of a PN as shown in Fig. 1 . The hybrid TW-CCRN consists of two SUs where SU 1 communicates with SU 2 through the support of an AF secondary relay SU R and vice versa. Further, the PN consists of a primary transmitter PU TX and a primary receiver PU RX . It is assumed that both, the hybrid TW-CCRN and the PN, are subject to block Rayleigh fading. The channel coefficients of the two-way communication links SU 1 SU R , SU 2 SU R , and interference links SU 1 → PU RX , SU R → PU RX , SU 2 → PU RX , PU TX → SU 1 , PU TX → SU R , and PU TX → SU 2 are, respectively, denoted as h 1 , h 2 , h 3 , h 4 , h 5 , h 6 , h 7 , and h 8 . The communication of the hybrid TW-CCRN is organised into two time slots (TSs). In the first TS, both SU 1 and SU 2 broadcast their transmit signals to SU R . In the second TS, SU R amplifies the received signals and then forwards the resulting signals to SU 1 and SU 2 . A potential deployment scenario for this system model could be small cell cognitive radio networks in the context of 5G mobile networks. In this TW-CCRN, we deploy hybrid interweave-underlay spectrum access at all secondary users, i.e., SU 1 , SU 2 , and SU R . Depending on the sensed state of the PN being active or inactive, each SU selects the suitable spectrum access mode in each of the two TSs. For this purpose, each TS is further structured into a sensing phase which is followed by a transmission phase [44] as in Fig. 2 . In the first phase, the SUs independently sense the licensed spectrum to reveal the state of the PU TX . Due to SU 1 , SU 2 , and SU R typically being at different locations, their sensing outcomes after the same sensing duration τ may also be different. To enhance the accuracy of spectrum sensing, we employ cooperative sequential spectrum sensing where SUs mutually exchange their sensing results [45] . In this way, the accuracy of the overall sensing results can be enhanced significantly and all SUs have the same false alarm and missed detection probability after the sensing phase. After exchanging the sensing results, if PU TX is sensed to be inactive, the SUs are not subject to an interference constraint and can utilize the interweave mode in the transmission phase. If PU TX is sensed to be active, the SUs must operate in underlay mode during the transmission phase and control their transmit powers to not exceed the interference threshold Q imposed by the PU RX . Due to the sensing phase, the SUs do not commence with data transmission at the beginning of each TS but with a delay that is equivalent to the sensing duration. Because the sensing duration is typically small in the order of 1 ms compared to the data transmission duration of, e.g., 100 ms, the SUs are assumed to start transmission at the beginning of each TS [46] . Accordingly, the SUs remain in the selected spectrum access mode for the during of a TS and adapt their access mode in the subsequent TS if needed. Depending on the sensing outcome in each of the two TSs, the transmission of the hybrid TW-CCRN can be classified into the following four scenarios:
• Scenario 1: The PN is sensed to be active in both TSs.
In this case, the hybrid TW-CCRN uses underlay spectrum access in both TSs and allocates the transmit powers P 11 , P 21 , and P r1 to SU 1 , SU 2 , and SU R , respectively.
• Scenario 2: The PN is sensed to be active only in the first TS. Accordingly, underlay spectrum access is used in the first TS and interweave spectrum access is used in the second TS. In this case, the transmit powers P 12 , P 22 , and P r2 , are allocated to SU 1 , SU 2 , and SU R , respectively.
• Scenario 3: The PN is sensed to be active only in the second TS. As such, the system uses interweave spectrum access in the first TS and underlay spectrum access in the second TS. In this scenario, the transmit powers P 13 , P 23 , and P r3 are used at SU 1 , SU 2 , and SU R , respectively.
• Scenario 4: The PN is sensed to be inactive in both TSs. Then, interweave spectrum access is used in both TSs with transmit powers P 14 , P 24 , and P r4 , respectively, being allocated to SU 1 , SU 2 , and SU R . Let x 1 and x 2 denote the transmit signals with unit power of SU 1 and SU 2 , respectively. Then, the received signal at SU R in the first TS of Scenario i, i = 1, 2, 3, 4, is given by
where j ∈ {0, 1} stands for the actual state of the PN in the first TS, i.e., j = 0 if the PN is inactive and j = 1 if it is active. r denotes the interference from the PN to SU R plus AWGN at SU R . As suggested in [47] and [48] , we can approximate n (1) r as AWGN with zero-mean and variance
The second term in (2) is the interference power from PU TX to SU R following the exponentially decaying path loss model. Here, P p is the transmit power of PU TX , d 7 is the distance from PU TX to SU R , and n is the path loss exponent. In summary, the noise term n (j) r if PN is active or inactive can be modeled as AWGN with zero-mean and variance
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In the second TS, given Scenario i and State j of the PN, the SU R amplifies the received signal y (4) and subsequently forwards the resulting signal. Then, the received signals at SU 1 and SU 2 in the second TS for Scenario i are, respectively, expressed as
where k ∈ {0, 1} represents the actual state of the PN in the second TS, i.e., k = 0 if the PN is inactive and k = 1 if it is active. Similar as in the first TS for SU R , the noises n
and n (k) 2 at SU 1 and SU 2 subject to the PN being in State k, respectively, are modeled as AWGNs with zero-mean and variances (10) with channel power gains X 1 = |h 1 | 2 and X 2 = |h 2 | 2 . Further, the interference power Q 1i from SU 1 and SU 2 to PU RX in the first TS and Q 2i from SU R to PU RX in the second TS of Scenario i are formulated as
where X 3 = |h 3 | 2 , X 4 = |h 4 | 2 , and X 5 = |h 5 | 2 are the respective channel power gains. Considering Rayleigh fading with channel mean power l = E{X l }, the probability density function (PDF) and cumulative distribution function (CDF) of the channel power gain X l , l ∈ {1, 2, 3, 4, 5}, are given by
In (13) and (14), the channel mean powers l , l = 1, . . . , 8, are attenuated with distance following the exponentially decaying path loss model with path loss exponent n, i.e.,
III. SUM-RATE OPTIMIZATION
In view of [36] and [52] , the sum-rate of the considered hybrid TW-CCRN can be formulated as (15) where p 
where γ (jk) 1i
and γ
are, respectively, the instantaneous SNRs/SINRs at SU 1 and SU 2 of Scenario i while the PN is in State j in the first TS and in State k in the second TS.
Let us now commence with deriving a power allocation strategy for the SUs that maximizes the sum-rate of the hybrid TW-CCRN. Given the total transmit power limit P T 1 in the first TS and P T 2 in the second TS, the transmit powers of SU 1 , SU 2 , and SU R must satisfy the constraints
In addition, when PU is active, the SUs must control their transmit powers to not exceed the interference power threshold Q imposed by PU RX . Thus, the following interference power constraints must be considered in the first and second TS:
SU 1 and SU 2 consider (18) in Scenarios 1 and 2 when the PU is sensed as active in the first TS while SU R considers (19) in Scenarios 1 and 3 when the PU is sensed as active in 70586 VOLUME 6, 2018 the second TS. Thus, the problem of maximizing the sum-rate of the hybrid TW-CCRN in Scenario i can be posed as
where 1 [·] is the indication function which returns 1 if the condition in [·] is correct. Otherwise, the function returns 0.
Applying the decomposition method of [53] , the objective (20) subject to (21) can be decoupled into parallel subobjectives each being subject to (21), i.e.,
In other words, sub-objective (22) maximizes the sum-rate of the hybrid TW-CCRN for each transmission from SU 1 to SU 2 and from SU 2 to SU 1 . As the logarithm is an increasing function, finding the maximum sum-rate of (22) subject to (21) is equivalent to finding the maximum of (1 + γ
). This problem is equivalent to finding the minimum of 1/(γ (jk) 1i γ (jk) 2i ) subject to (21) . Then, a solution of (22) subject to (21) can be obtained by solving the problem
The objective function f
2i ) in (23) is obtained with (9) and (10) as
where
Because the objective and inequality constraint functions are posynomials, problem (23) subject to (21) is in geometric programming (GP) standard form. Since a posynomial is not convex, the optimization problem in GP standard form is not convex. Thus, we need to transform (23) into a convex optimization problem. Since exp(log(x)) = x, we first change problem (23) into the following convex optimization problem:
s.t.
where objective function g
The following abbreviations have been introduced in (28):
b 0a = log c a , a = 1, . . . , 10
Then, using the logarithmic transform, problem (23) can be converted into the following convex optimization problem:
, and 
As in [54] - [56] , the log-sum-exp function of a variable
exp (x i ) leads to a convex problem in x. Thus, problem (31) subject to (32) is convex which can be solved by using the standard barrier-based interior-point method [53] , [57] . The idea of this method is to solve a sequence of unconstrained problems that absorb the constraints into a new objective function which is a weighted sum of the original objective function and the log-barrier function of the constraints. To utilize the standard barrier-based interior-point method, we must convert the above inequality constraint optimization problem into an unconstrained optimization problem. Specifically, applying the logarithmic barrier function, problem (31) subject to (32) can be approximated as unconstrained optimization problem
where w is the chosen weight of the original objective function
As w becomes larger, the unconstrained problem becomes a tighter approximation of the original problem. Further, φ
A procedure based on the barrier-method algorithm to find a solution to optimization problem (34) is given in Appendix B.
IV. OUTAGE PROBABILITY OPTIMIZATION FOR THE SECONDARY NETWORK
Applying [20] and [52] , the outage probability P of SU 2 , respectively, can be expressed as
(γ ) and F γ (γ ) can be expressed as
Substituting (13) and (14) into (39) (γ )
where K 1 (·) stands for the first order modified Bessel function of the second kind [58, eq. (8.432.1)].
For high SINR/SNR, we use the approximations K 1 (2x) ≈ 1/x and exp(−x) ≈ 1 − x as in [59] . Then, (40) and similarly the CDF of γ (jk) 2i at SU 2 in Scenario i are obtained as
Let as now focus on minimizing the outage probability of the hybrid TW-CCRN which falls into outage if any transmission from SU 1 to SU 2 or vice versa falls into outage. We are aiming at a power allocation strategy that minimizes the maximum outage probability at SU 1 and SU 2 . Given Scenario i, this optimization problem subject to (21) can be posed as min
By introducing the auxiliary variable
we can rewrite (43) as (see also Appendix C)
Again, as the objective and all inequality constraint functions are posynomials, problem (45) subject to (46) is in GP standard form and is not convex. Similar as for the sum-rate, we transform this GP into a convex optimization problem as 
Because (47) and (48) are log-sum-exp functions, the optimization problem is convex. Again, the standard barrierbased interior-point method can be used to solve this GP problem. To apply this method, we must convert the inequality constrained optimization problem (47) subject to (48) into an unconstrained optimization problem. Utilizing the logarithmic barrier function, problem (47) subject to (48) is approximated as the below unconstrained optimization VOLUME 6, 2018 problem:
The barrier-method algorithm to find the solution for the optimization problem (51) is presented in Appendix B.
V. NUMERICAL RESULTS
In this section, numerical results are provided to illustrate the achievable sum-rate and outage probability of the hybrid TW-CCRN when applying the proposed optimal power allocation strategies. In particular, the sum-rate is maximized by solving the unconstrained optimization problem (34) and the outage probability is minimized by solving the unconstrained optimization problem (51) . In both cases, the barrier-method algorithm given in Appendix B is used to obtain the optimal transmit powers at SU 1 , SU 2 , and SU R The performance of the hybrid TW-CCRN is assessed under the effect of the following system parameters:
• Packet arrival rate λ p at the PN • Transmit power P p of PU TX • Interference power threshold Q of PU RX • Maximum total transmit powers of the hybrid TW-CCRN
• Fading conditions • Imperfect spectrum sensing
Comparisons of the performance of the hybrid TW-CCRN with and without applying the proposed power allocation strategies are also provided. It is assumed that the hybrid TW-CCRN operates in an urban environment over Rayleigh fading channels such that channel mean powers are attenuated with distances according to the exponentially decaying path loss model with path loss exponent n = 4 (shadowed urban cellular radio). We denote the normalized distances of the links SU 1 → SU R , SU 2 → SU R , SU 1 → PU RX , SU R → PU RX , SU 2 → PU RX , PU TX → SU 1 , PU TX → SU R , and PU TX → SU 2 , respectively, as d 1 , d 2 , d 3 , d 4 , d 5 , d 6 , d 7 , and d 8 . In all examples, we have selected the normalized distances as
Figs. 3 and 4 depict the sum-rate and outage probability of the hybrid TW-CCRN versus arrival rate λ p of the PN for different probabilities of imperfect spectrum sensing. Specifically, the pairs (p f , p m ) of false alarm probability p f and missed detection probability p m have been chosen as (0, 0), (0.1, 0), (0.2, 0), (0, 0.1), (0, 0.2), and (0.1, 0.1). We fix the transmit SNR of the PN as P p /N 0 = 10 dB. The maximum total transmit power-to-noise ratio of both secondary sources in the first TS and of the relay in the secondary TS are selected as P T 1 /N 0 = 15 dB and P T 2 /N 0 = 10 dB, respectively. In addition, we set the interference power-to-noise ratio imposed by the PN as Q/N 0 = 5 dB and select the departure rate of the PN as µ p = 0.5 packets/TS. Finally, the arrival and departure rates of the SN are chosen as λ s = 0.5 packets/TS and µ s = µ r = 0.5 packets/TS, respectively. As can be seen from these figures, the performance of the hybrid TW-CCRN is degraded when the arrival rate of the PN increases, i.e., sum-rate decreases and outage probability increases. This is because the opportunities for the hybrid TW-CCRN to operate in interweave mode without facing the interference power constraint decreases when the amount of traffic of the PN increases. It can also be observed from Figs. 2 and 3 that the performance of the hybrid TW-CCRN is seriously reduced when the false alarm probability increases, i.e., p f = 0, 0.1, and 0.2 while the missed detection probability is kept as p m = 0. This is due to the fact that the SUs declare the PN as active although it is inactive which in turn reduces the time of the hybrid TW-CCRN operating in interweave mode. On the other hand, when the missed detection probability increases, i.e., p m = 0, 0.1, and 0.2 while the false alarm probability is kept as p f = 0, the probability that the hybrid TW-CCRN does not detect the active state of the PN and continues to operate in interweave mode increases. As a result, the performance of the hybrid TW-CCRN increases but at the expense of increased interference to the PN. For the case where both false alarm and missed detection occur, i.e., p f = 0.1 and p m = 0.1, the performance differs only very little from the case of perfect spectrum sensing, i.e., p f = 0 and p m = 0. This is because increased false alarm decreases the probability of the hybrid TW-CCRN to operate in interweave mode while increased missed detection increases the probability of the hybrid TW-CCRN to operate in interweave mode.
Figs. 5 and 6 present the sum-rate and outage probability, respectively, of the hybrid TW-CCRN versus interference power-to-noise ratio Q/N 0 of the PN for different maximum transmit power-to-noise ratios P T 1 /N 0 and P T 2 /N 0 in the first TS and second TS. In these examples, we select the transmit SNR of the PN as P p /N 0 = 5 dB. The arrival rates and departure rates of the PN and SN are chosen as λ p = λ s = 0.1 packets/TS, and µ p = µ s = µ r = 0.1 packets/TS. As expected, when the maximum transmit power-to-noise ratios P T 1 /N 0 and P T 2 /N 0 increase, sum-rate and outage probability of the hybrid TW-CCRN are improved. Furthermore, if the interference power constraint of the PU becomes more relaxed, the hybrid TW-CCRN achieves better performance. Specifically, in the low Q/N 0 regime, sum-rate significantly increases and outage probability decreases as Q/N 0 increases. However, when Q/N 0 increases beyond a threshold, both the sum-rate and outage probability approach a constant floor. This behavior can be attributed to the fact that the hybrid TW-CCRN is not only affected by the interference power threshold of the PU but also by the maximum transmit power of the SUs. In particular, if the interference power-tonoise ratio becomes sufficiently high, the interference power constraint of the primary receiver becomes inactive and only the constraint on the maximum transmit power of the SUs remains active.
Figs. 7 and 8, respectively, compare the sum-rate and outage probability of the hybrid TW-CCRN with optimal power allocation and equal power allocation at SU 1 , SU 2 , FIGURE 7. Sum-rate of the hybrid TW-CCRN with and without optimal power allocation for different transmit power-to-noise ratios P P /N 0 of the PN. FIGURE 8. Outage probability of the hybrid TW-CCRN with and without optimal power allocation for different transmit power-to-noise ratios P P /N 0 of the PN.
and SU R . For both scenarios, we select the maximum transmit power-to-noise ratio in the first and second TS as P T 1 /N 0 = 15 dB and P T 2 /N 0 = 10 dB, respectively. Further, the arrival and departure rates of the primary and secondary users are chosen as λ p = λ s = 0.1 packets/TS and µ p = µ s = µ r = 0.5 packets/TS, respectively. It can be clearly seen from these figures that the performance of the hybrid TW-CCRN with optimal power allocation significantly outperforms the hybrid TW-CCRN with equal power allocation in the low to medium Q/N 0 regime. Once the interference power-tonoise ratio becomes sufficiently high, both schemes converge to similar performance because the interference power constraint becomes inactive. Further, it can be observed that the performance of both schemes decreases with the increase of the transmit SNR P p /N 0 of the PN which in turn increases the interference to the TW-CCRNs.
VI. SUMMARY
In this paper, we have proposed optimal power allocation strategies for a hybrid TW-CCRN which account for the interference power constraint of the PN as well as the transmit power limit of the hybrid TW-CCRN. In particular, optimization problems have been posed to maximize the sum-rate and to minimize the outage probability of the hybrid TW-CCRN accounting for imperfect spectrum sensing. In order to solve these problems, the decomposition method, transformation of non-convex GP into convex optimization, approximation as unconstrained optimization, and the barrier method have been applied. Our optimization framework has been carried out considering the practical issue of imperfect spectrum sensing of the hybrid TW-CCRN as well as fading conditions, and traffic characteristics of both the PN and hybrid TW-CCRN. Numerical results have been provided to illustrate the effect of system parameters such as arrival rates, interference power constraint, transmit power of the PN, false alarm and missed detection probabilities of the secondary users on the performance of the hybrid TW-CCRN. Finally, comparisons of the sum-rate and outage probability of the hybrid TW-CCRN applying the proposed optimal power allocation strategies with that of conventional equal power allocation at all terminals have been given and shown the superiority of the proposed optimal strategies.
APPENDIX A PROBABILITY OF EACH OPERATION SCENARIO
In this appendix, we briefly describe how to calculate the probability for each operation scenario of the hybrid TW-CCRN with imperfect spectrum sensing. The interested reader is referred to [20] for a detailed derivation of the respective probabilities.
Specifically, let p (jk) i denote the probability that the hybrid TW-CCRN operates in Scenario i when the PN is in State j in the first TS and in State k in the second TS. Let us recall that j ∈ {0 'inactive', 1 'active'} and k ∈ {0 'inactive', 1 'active'}. Further, let us introduce the following probabilities:
• False alarm probability p f : Probability that the SUs consider the licensed spectrum as occupied by the PU although it is inactive.
• Missed detection probability p m : Probability that the SUs consider the licensed spectrum as vacant although it is occupied by the PU.
• Detection probability p d : Probability that the SUs correctly sense the active state of the PU.
• No false alarm probability p n : Probability that the SUs correctly sense the inactive state of the PU. In addition, let p 0 , p p , p s , p r , p ps , and p pr be the steady-state probabilities that the licensed spectrum is idle, is occupied by only PU TX , by both SU 1 and SU 2 , by only SU R , by PU TX , SU 1 , and SU 2 , and by both PU TX and SU R , respectively. As described in [36] According to [20] , p
can be computed based on the various probabilities of the imperfect spectrum sensing results and the steady-state probabilities as summarized in Table 1 . 
APPENDIX B BARRIER METHOD ALGORITHM
In this section, we outline the barrier-method algorithm to find the solutions of the unconstrained optimization problems posed in (34) and (51) 
i ] of optimization problem (51) must be selected in the feasible region. Therefore, we choose
We select the initial value of the auxiliary random variable as
The error tolerance levels for the optimal solutions of optimization problem (34) and (51) (32) and (48) . In our case, we select (0) =¯ (0) = 10 −3 > 0. Since (B.5) and (B.6) in Algorithm 1 are unconstrained convex minimization problems, they can be readily solved by a variety of iterative methods such as the gradient descent method or Newton's method. In this paper, we utilize the latter to find the optimal solution p * i andp * i . Finally, note that the operators ∇ and ∇ 2 in (B.9), (B.10), (B.11), and (B.12) used in the computation of the Newton step and decrement are defined as in [56] : 1) ∇f i (p i ) denotes the gradient vector of f i (p i ), and 2) ∇ 2 f i (p i ) is the Hessian matrix associated with f i (p i ).
APPENDIX C TRANSFORMATION OF A CONVEX OPTIMIZATION PROBLEM INTO AN EQUIVALENT PROBLEM USING AN AUXILIARY VARIABLE
Let us recall some findings from convex optimization related to transforming a given problem into an equivalent problem [56] . Assume that the following optimization problem is given: initialize Given starting points p i andp i , error tolerance > 0,¯ > 0, parameters α,ᾱ ∈ (0, 0.5), and β,β ∈ (0, 1). update p * i ← p i ,p * i ←p i , w i ← µ i w i ,w i ←μ iwi 17: until m i /w i < andm i /w i <¯ auxiliary variable t ≥ f 0 (x), the standard optimization problem (C.1) subject to (C.2) can be transformed into equivalent Epigraph problem form [56] (γ th2 ) , the standard optimization problem (C.5) subject to (C.6) can be transformed into the following equivalent Epigraph problem form:
Then, it is straightforward to obtain the following equivalent optimization problem:
